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Abstract 10 
 11 
Three Ni silicate-bearing pimelite, nepouite and pecoraite minerals, from 12 
Australia have been investigated by UV-Vis-NIR spectroscopy to study the effect of 13 
Ni-Mg substitution. The observation of three major absorption bands at 9205-9095 14 
cm-1, 15600-15190 cm-1 and 26550-25660 cm-1 are the characteristic features of Ni2+ 15 
in six fold coordination. The effect of cation substitution like Mg2+ for Ni2+ on band 16 
shifts in electronic and vibrational spectra enable the distinction between the Ni-17 
bearing silicates. 18 
 19 
Keywords: UV-Vis and NIR spectroscopy; pimelite; nepouite; pecoraite; OH-20 
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 2
 The concept of Ni substitution for Mg is an important phenomenon in the 25 
structure of the Ni-bearing minerals. The Ni2+ cation can readily replace Mg2+ in the 26 
mineral structure because of similar ionic radii [1-3]. This substitution produces a 27 
series of absorption features in the UV-Vis-NIR spectral region. The Ni2+ absorption 28 
feature significantly affects the spectra of silicates containing even small amounts of 29 
nickel [4]. The formation of secondary Ni precipitates is an important mechanism of 30 
Ni retention in neutral and alkaline clay/water systems and the nature of the 31 
precipitates is crucial to predict the fate of Ni and Co in the environment, because of 32 
the solubility of the precipitates strongly depends on their structure and composition 33 
[5-7]. Ni concentration depends on weathering of ultra basic rocks under tropical 34 
conditions leading to the formation of ore bodies. Ni-bearing clay minerals originate 35 
either from transformation of primary lizardites or from solution precipitation 36 
(neoformation) in cracks. For this study we have selected three magnesium-nickel 37 
hydrous silicates: Pimelite, nepouite and pecoraite.  The first two relates to the 38 
kerolite-pimelite and lizardite series [8]. Lizardite (serpentine) and kerolite (talc) are 39 
the two main minerals, the Ni end-members of which are nepouite [9,10] and pimelite 40 
[11] respectively. These nickel-bearing minerals commonly occur as intimate 41 
mixtures and are often described as garnierites that include all hydrous Mg-Ni 1:1 42 
phyllosilicates [12,13]. Pecoraite Ni3Si2O5(OH)4, the Ni analogue of chrysotile 43 
Mg3Si2O5(OH)4 was described from fracture fillings in the Wolf Creek meteorite in 44 
Western Australia [14,15]. The report of Nickel [16] shows that the composition of 45 
pecoraite is reasonably close to that of Faust’s pecoraite [14,15] and corresponds quite 46 
well with Ni3Si2O5(OH)4, the nickel end member of chrysotile. 47 
 48 
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 All the three samples are characteristic of the most abundant Ni-containing 49 
minerals of the garnierites in which Mg and Ni substitute for one another in the crystal 50 
structure and as a consequence of this composition varies from 38.94 to 51.50 wt% 51 
NiO and 0.50 to 4.47 wt% MgO in the three minerals [ 16-18]. The kerolite-pimelite 52 
series relates to the hydrous Mg-Ni silicates with talc-like structure and composition 53 
bearing additional water with highly disordered and non-swelling stacking layers 54 
[11].The serpentine group minerals, nepouite and pecoraite possess layered structures. 55 
The structure consists of a tetrahedral sheet joined to an octahedral sheet. In the 56 
octahedral sites, complete solid solution is possible between the divalent cations of 57 
Mg, Mn, Fe, Co and Ni with the general formula, [Mg,Mn,Fe,Co,Ni)3-x Si2O5(OH)4]. 58 
Some of the octahedral sites may be vacant and is represented by x. Garnierite has 59 
been redefined by Brindley and Pham [19] as a common name given to all hydrous 60 
nickel silicates. The Least-squares fitting analysis of XRD data was made to calculate 61 
cell parameters for serpentine group of minerals by Bayliss [20] and reported data 62 
shows the calculated cell parameters of nepouite are a = 5.28, b = 9.15 and c = 7.28 Å 63 
and a = 5.26, b = 9.16 and c = 14.7 Å for pecoraite.  64 
 65 
 The green-coloured garnierites have been studied for many years but their 66 
chemical and structural characteristics have not been reported clearly [21-23]. 67 
Spectroscopic properties of nickel bearing carbonates and silicates are still quite 68 
lacking. We report here the results of the three Mg-Ni hydrous silicates namely, 69 
pimelite, nepouite and pecoraite and explain the influence of water on the 70 
environment of hydrous Ni-Mg silicates by UV-Vis-NIR spectroscopy. In this paper 71 
we present the results of a systematic study of nickel-bearing silicate minerals and 72 
compare the spectral properties with their structure and composition.  73 
 4
 74 
2. Experimental 75 
 76 
2.1. Sample description  77 
 78 
 The minerals used in this work are pimelite (pale green), nepouite (bright 79 
green) and pecoraite (green) were kindly supplied by CSIRO, Western Australia. The 80 
minerals are listed in Table 1 along with their formula and origin. The characterisation 81 
and composition of these minerals has already been established and published. 82 
 83 
2.2. UV-Vis spectroscopy 84 
 85 
 A Varian Cary 5000 UV-Visible NIR spectrophotometer, equipped with 86 
Diffuse Reflectance Accessory (DRA) was employed to record the electronic 87 
spectrum of the samples in the region between 200 and 1100 nm (50,000-9090 cm-1). 88 
This technique allows the study of the reflectance spectra of the samples in the 89 
powder form. The DRA consists of a 110 mm diameter integrating sphere, featuring 90 
an inbuilt high performance photomultiplier. Each sample was placed in a powder cell 91 
specifically designed for the instrument. Initially a base line was recorded using a 92 
polytetrafluoroethylene (PTFE) reference cell covering the reflectance port. The 93 
sample is then mounted over the port and the reflection off the sample surface was 94 
collected by the sphere. The reflectance was therefore measured relative to the PTFE 95 
disk. The diffuse reflectance measurements were converted into absorption (arbitrary 96 
units) using the Kubelka-Munk function (f (R ) = (1- R )2/2R ). Data manipulation was 97 
performed using Microsoft Excel. 98 
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2.3. Near-infrared (NIR) spectroscopy 99 
 100 
NIR spectra were collected on a Nicolet Nexus FT-IR spectrometer with a Nicolet 101 
Near-IR Fibreport accessory (Madison, Wisconsin).  A white light source was used, 102 
with a quartz beam splitter and TEC NIR InGaAs detector.  Spectra were obtained 103 
from 13,000 to 4000 cm-1 (0.77-2.50 µm) (770-2500 nm) by the co-addition of 64 104 
scans at a spectral resolution of 8 cm-1. A mirror velocity of 1.266 m sec-1 was used.  105 
The spectra were transformed using the Kubelka-Munk algorithm to provide spectra 106 
for comparison with published absorption spectra.  107 
 108 
Spectral manipulation such as baseline adjustment, smoothing and 109 
normalisation were performed using the Spectracalc software package GRAMS 110 
(Galactic Industries Corporation, NH, USA). Band component analysis was 111 
undertaken using the Jandel ‘Peakfit’ software package which enabled the type of 112 
fitting function to be selected and allows specific parameters to be fixed or varied 113 
accordingly. Band fitting was done using a Lorentz-Gauss cross-product function with 114 
the minimum number of component bands used for the fitting process. The Gauss-115 
Lorentz ratio was maintained at values greater than 0.7 and fitting was undertaken 116 
until reproducible results were obtained with squared correlations of r2 greater than 117 
0.995.  118 
 119 
3. Results and discussion  120 
 121 
3.1. Pimelite and nepouite 122 
 123 
 6
 In this study we measured (UV-Vis-NIR) reflectance spectra of the three Ni-124 
bearing silicates over a wide range 350-800 nm (28560-12500 cm-1) and near-infrared 125 
spectra were collected from 11000-4000 cm-1. The spectra shown here were 126 
transformed into absorbance by using the Kubelka-Munk transformation function and 127 
analysed for band components.  128 
 129 
 Because of the similar ionic radii, it is expected that Ni2+ (0.77 Å) can 130 
substitute for six-coordinate Mg2+ (0.80 Å) in hydrous Ni-Mg silicates [1,3,24]. The 131 
divalent Ni ion (d8 ion) in octahedral crystal field gives rise to three spin-allowed 132 
electronic transitions, 3A2g(3F) → 3T1g(3P) , 3A2g(3F) → 3T1g(3F) and 3A2g(3F) → 133 
3T2g(3F)  and are designated as ν1-, ν2- and ν3- bands respectively for the purpose of 134 
calculating crystal field parameters. These spin-allowed transition bands of Ni2+ in the 135 
spectra of many materials have been reported: serpentine and talc [25], garnierite 136 
(nickeloan chrysotile) [26] and gaspeite [27]. Four major absorption bands observed 137 
in the spectra of the Ni-bearing silicates correspond to the characteristic transitions of 138 
octahedral Ni2+. Analysis of Figs. 1, 2 and 3 as well as Table 2 shows that there are 139 
four main features for pimelite Ni3Si4O10(OH)2.4H2O and nepouite 140 
(Ni,Mg)3Si2O5(OH)4. The three bands of pimelite at 25660, 15600 and 9095 cm-1 are 141 
assigned to the spin-allowed transitions, 3A2g(3F) → 3T1g(3P), 3A2g(3F) → 3T1g(3F) and 142 
3A2g(3F) → 3T2g(3F). The second band has shoulder at 13570 cm-1 identified as spin-143 
forbidden transition 3A2g(3F) → 1Eg(1D). The crystal field and Racah parameters, Dq 144 
and B are calculated from the observed band positions using the energy expressions 145 
[28]:  146 
 147 
3A2g(3F) → 3T1g(3P): 15Dq + 13.5B = 25660 cm-1 (ν1-band ) 148 
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3A2g(3F) → 3T1g(3F): 15Dq + 1.5B = 15600 cm-1 (ν2-band) 149 
3A2g(3F) → 3T2g(3F): 10Dq = 9095 cm-1 (ν3-band)  150 
The value of B (838 cm-1) is obtained from the relation, ν1 - ν2 = (25660 - 15600 cm-1) 151 
= 12B and Dq = 909 cm-1 is a direct measure of crystal field parameter from ν3-band 152 
observed. The observation of ν3-band corresponds to the crystal field parameter 10Dq, 153 
is expected at ~9000 cm-1for Ni2+ in octahedral environment with six oxygen ligand 154 
coordination [29,30].The spectral patterns for pimelite and nepouite are nearly similar 155 
but for the following differences. First, the spectra of nepouite contain three main 156 
bands whose peak positions differ a little and appear at 26060 (ν1-band) , 15380 (ν2-157 
band) and 9205 cm-1 (ν3-band). Second, the position of ν3-band defines the strength of 158 
the crystal field (=10Dq) shows a blue shift of 110 cm-1 by comparison with that of 159 
pimelite ν3-band (9095 cm-1). The tabulation of crystal field splitting parameters and 160 
crystal field stabilization energy (CFSE) values in Table 3 shows the CFSE is higher 161 
in nepouite than in pimelite. These results show structural reorganization between 162 
hydrous Mg-Ni silicates. For nepouite the three bands observed at 26060 , 15380, and 163 
9205 cm-1 are assigned to 3A2g(3F) → 3T1g(3P), 3A2g(3F) → 3T1g(3F) and 3A2g(3F) → 164 
3T2g(3F) transitions. The shoulder to the ν2-main band at 13380 cm-1 is recognised as 165 
spin-forbidden transition 3A2g(3F) → 1Eg(1D). The parameters B = 890 and Dq = 920 166 
cm-1 are obtained from the observed transitions. 167 
 168 
 Near-infrared spectroscopy is a site sensitive method and can provide 169 
structural information on the mineral analysed by using the peak positions.  Figs. 3 170 
and 4 show the measured near-infrared spectra of pimelite and nepouite in two ranges 171 
from 11000-6000 and 6000-4000 cm-1. In the former one the broad band is dominated 172 
by electronic transition of Ni2+ extending from 11000 to 8000 cm-1 and the lower 173 
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wavenumber region is dominated by overtones and summations of the hydroxyl 174 
vibrations in the mid-infrared. The peak positions centred in pimelite at 7085 cm-1 is 175 
the sharpest. First, the sharpest peak at 7085 cm-1 with a component of 7130 and 176 
additionally a shoulder, 6820 cm-1are assigned to the OH overtones resulting from 177 
structural hydroxyls. For nepouite, the number of sharp peaks is more with greatest 178 
resolution and intensity and is displayed at 7185, 7130 and 7075 cm-1.Additionally 179 
two shoulders can be noted in nepouite spectrum at 6920 and 6530 cm-1. The 180 
differences between the spectra can be accounted by the compositional variations in 181 
pimelite Ni3Si4O10(OH)2.4H2O and nepouite (Ni,Mg)3Si2O5(OH)4 182 
 and the band shifts to higher energy are the effect of other cations like Mg in 183 
nepouite. In the second part of NIR spectra (Fig.4), a band around 5240 cm-1 is 184 
indicative of molecular water. A second group of bands present in pimelite and 185 
nepouite spectra is possibly an Si-O-H combination band arising from Si-O ν1 and ν3 186 
modes and O-H stretching vibration [11]. The assignments of the bands are presented 187 
in Table 2. The analysis is in conformity with the report of the molecular structure of 188 
pecoraite investigated by IR and Raman spectroscopy and a comparison with the 189 
spectra of the minerals, nepouite, chrysotile and synthetic pecoraite confirming OH 190 
stretching vibrations at 3645 and 3683cm-1 and intense bands at around 3288 and 191 
3425 cm-1 are the stretching vibrations of water strongly hydrogen bonded to the 192 
surface of the Ni-silicate minerals [31]. 193 
 194 
3.2. Pecoraite 195 
 196 
 The typical spectra of pecoraite in UV-Vis-NIR and NIR are shown in Figs. 5, 197 
6 and 7. The existence of closely similar chemistry between pimelite 198 
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Ni3Si4O10(OH)2.4H2O  and pecoraite Ni3Si2O5(OH)4  three spectra is almost similar 199 
with an exception of peaks sharpness and band positions. The prominent feature of all 200 
the spectra is the most intense 10Dq band centred at 9190 cm-1 (Fig. 7). This band is 201 
roughly symmetric, relatively broad and has a constant relative intensity for all the 202 
samples. The three main bands in pecoraite at 26550 (ν1-band), 15190 (ν2-band) and 203 
9190 cm-1 (ν3-band) are assigned to  3A2g(3F) → 3T1g(3P), 3A2g(3F) → 3T1g(3F) and 204 
3A2g(3F) → 3T2g(3F) transitions and the spin-forbidden transition 3A2g(3F) → 1Eg(1D) a 205 
band appeared at 13510 cm-1. From the observed energies of the bands, the Dq and B 206 
are 919 and 947 cm-1 respectively. The Crystal Field Stabilization Energy (CFSE) of 207 
nickel in the three silicates studied here is represented in Table 3 and this is more in 208 
nepouite than in pimelite and pecoraite. The vibrational spectra are shown in Fig. 7 209 
and 8. The pair of sharp peaks at 7120 and 7040 cm-1with a shoulder at 6705 cm-1 210 
(Fig. 7) are the overtones of OH fundamental modes. The absorption feature in the 211 
low wavenumber region (Fig. 8) is significant at around 5125 cm-1 with shoulders on 212 
either side is the result of molecular water in pecoraite.  213 
 214 
4. Conclusions 215 
 216 
Three Ni silicate-bearing pimelite, nepouite and pecoraite minerals, from 217 
Australia have been investigated by UV-Vis-NIR spectroscopy to study the effect of 218 
Ni-Mg substitution. The observation of three major absorption bands at 9205-9095 219 
cm-1, 15600-15190 cm-1 and 26550-25660 cm-1 are the characteristic features of Ni2+ 220 
in six fold coordination. A prominent feature of all the spectra at around 9190 cm-1 is 221 
symmetric, relatively broad and has a constant relative intensity in all the samples 222 
confirming regular octahedral geometry for Ni2+ ion. The very similar chemistry and 223 
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structure between pimelite Ni3Si4O10(OH)2.4H2O  and pecoraite Ni3Si2O5(OH)4  224 
ensures their spectra are quite similar with exception of peak sharpness and band 225 
positions for pecoraite. Band shifts are significant in the spectra of nepouite. The 226 
position of the 10Dq band in nepouite is particularly sensitive showing a blue shift of 227 
110 cm-1 on comparison with pimelite. The NIR spectra of the three samples studied 228 
in this work are dominated by overtones of hydroxyl vibrations. 229 
 230 
The nickel coordination state is deduced from optical absorption spectroscopy. 231 
The crystal field stabilization energy (CSFE) is a characteristic parameter for Mg-Ni 232 
hydrous silicates. The CFSE is higher in nepouite than in pimelite and pecoraite.  233 
The CSE decreases in the following order: 234 
nepouite > pecoraite > pimelite. 235 
The observation of intense spin-allowed transition band at around 9190 cm-1 is 236 
directly related to the crystal field splitting (10Dq/∆○) represents nearly symmetrical 237 
(sharp) confirming octahedral (Oh) symmetry for Ni2+ ion. 238 
 239 
 240 
 241 
 242 
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 Code 
 
   
    Mineral 
      
           Colour 
              
                Formula 
                  
                    Origin 
 
Ni1 
   
   Pimelite  
      
       Pale green 
 
Ni3Si4O10(OH)2.4H2O 
 
 
Rocky’s Reward, Agnew, 
Western Australia 
 
 
Ni2 
 
  Nepouite 
 
 
 
  
 Bright green 
 
 
(Ni,Mg)3Si2O5(OH)4 
 
 
Greenvale, Nickel  
Deposit, Queensland, 
Australia 
 
 
Ni3 
 
  Pecoraite 
 
       
       Green 
 
Ni3Si2O5(OH)4 
 
 
Otway Prospect, Nullagine 
Region, 
Western Australia- 
Ni3Si2O5(OH)4 
 
 303 
 304 
Table 1 305 
Table of the Ni silicate-bearing minerals, their origin and formula 306 
 307 
 308 
 309 
 310 
 311 
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     Pimelite Ni3Si4O10 
     (OH)2.4H2O 
 
     ν (cm-1) 
     Present study 
 
 
 
  Nepouite 
  (Ni,Mg)3Si2O5 
  (OH)4 
        ν (cm-1) 
       Present study 
 
 
     
        Pecoraite 
  Ni3Si2O5 
  (OH)4 
          ν (cm-1) 
        Present study 
  
 
 
        Nickel hydroxide 
        Ni(OH)2 
 
        ν (cm-1) 
        Reported [32] 
 
         Kerolite 
         (Mg,Ni)3Si4O10 
         (OH)2.H2O 
         ν (cm-1) 
        Reported [32] 
 
        Fluosilicate 
        NiSiF6·6H2O 
 
        ν (cm-1) 
        Reported [32] 
 
 
                      Suggested assignment 
 
     25660 
     24180c 
 
      26060 
      24010c 
 
        26550                             
        25300c 
 
25700 
23560 
 
25800 
23900 
 
           25600 
            nr 
 
 
3A2g(3F) → 3T1g(3P) t 
 
     nd 
 
      nd 
 
         nd 
 
22300 
 
 
22340 
 
           22150 
3A2g(3F) → 1T2g(1D) t 
 
     15600 
     nd 
 
      15380 
      nd 
 
        15190 
        nd 
 
15040 
nd 
 
17320 
15380 
 
 
           17280 
           15910 
 
3A2g(3F) → 3T1g(3F) t 
 
     13570sh 
 
      13380sh 
 
        13510sh 
 
13240 
 
 
13580 
 
 
           14060 
 
 
3A2g(3F) → 1Eg(1D) t 
 
     10425 
     9095 
     7990sh 
 
      10420 
       9205 
       7970sh 
 
        10380 
         9190 
         7935sh 
 
 
nr 
8800 
nr 
 
 
nr 
8950 
nr 
 
 
           nr 
            8680 
            nr 
 
 
 
3A2g(3F) → 3T2g(3F) t 
     nd 
     nd 
     7085 
     6820sh 
     nd 
       7185c 
       7130c 
       7075 
       6920c 
       6530sh 
          nd 
         7120c 
         7040 
         6705sh 
          nd 
nr 
nr 
nr 
nr 
nr 
nr 
nr 
nr 
nr 
nr 
           nr 
           nr 
           nr 
           nr 
           nr 
 
 
2ν2 a 
2ν2 a 
2ν2 a 
 
 
     nd 
     5240 
     5130sh 
 
    4395sh                           
     nd 
     4320 
     nd 
 
 
       nd 
       5240 
       5065sh 
 
      4440c 
      4370c 
      4290 
      4045 
 
         5520sh 
         5125 
         4875c 
 
         nd                                  
         nd 
         nd 
         nd 
 
nr 
nr 
nr 
 
nr 
nr 
nr 
nr 
 
nr 
nr 
nr 
 
nr 
nr 
nr 
nr 
 
 
           nr 
           nr 
           nr 
 
          nr                                 
           nr 
           nr 
           nr 
 
 
(ν2 + ν3) a 
(ν2 + ν3) a 
(ν2 + ν3) a 
 
Si-O-H 
Si-O-H 
Si-O-H 
Si-O-H 
 16
       
 
t Electronic transition of Ni2+ 
a Overtones and combination modes of OH fundamentals; ν3 and ν2 observed  in IR at 3500-3300 and 3000-2800 cm-1. 
Abbreviations: p-component; sh-shoulder; nd-not detected; nr-not reported  
 
Table 2 
Assignments of the UV-Vis and NIR bands of Ni silicate-bearing minerals, and other Ni compounds. 
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               Complex 
    
   Crystal field    
   splitting  
   parameter 
   [10Dq = ∆○]       
      (cm-1) 
 
    
 Crystal field     
 stabilization   
 energy 
 [CFSE = (6/5)∆○] 
        (cm-1)  
 
     Reference 
Tutton salt  
[M2M'(SO4)2.(H2O)6] 
 
         8850     10620             [32]     
 
Nickel hydroxide  
Ni(OH)2 
 
         8800     10560             [32] 
Kerolite  
(Mg,Ni)3Si4O10(OH)2.H2O 
 
         8950     10740         [32] 
CaNiSi2O6          8400     10080         [33]  
 
MgO( Ni2+)          8600      10320         [34] 
 
Gaspeite  
Ni,Mg,Fe)(CO3) 
 
         8130        9756         [27] 
 
 
Zaratite 
Ni3(CO3)(OH)4.4H2O 
 
            
         8195 
     
       9834 
        [35] 
Takovite 
Ni6Al2(CO3,OH)(OH)16.4H2O 
            
         9100 
    
    10920 
        [35] 
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Pimelite 
Ni3Si4O10(OH)2.4H2O 
 
         9095     10914     This work 
Nepouite 
(Ni,Mg)3Si2O5(OH)4 
 
         9205     11046     This work 
Pecoraite 
 
Ni3Si2O5(OH)4 
 
         9190     11028     This work 
 
 
 
Table 3 Comparison of crystal field parameters of Ni2+ in Ni-silicates with other complexes 
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Fig. 1 UV-Visible-NIR spectra of pimelite and nepouite: 350-450 nm region. 
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Fig. 2 UV-Visible-NIR spectra of pimelite and nepouite: 500-800 nm region. 
 
Fig. 3 Near-infrared (NIR) spectra of pimelite and nepouite: 11000-6000 cm-1 
          region. 
 
Fig. 4 Near-infrared (NIR) spectra of pimelite and nepouite: 6000-4000 cm-1 
          region.  
 
Fig. 5 UV-Visible-NIR spectra of pecoraite: 350-450 nm region. 
 
Fig. 6 UV-Visible-NIR spectra of pecoraite: 500-800 nm region. 
 
Fig. 7 Near-infrared (NIR) spectra of pecoraite: 11000- 6000 cm-1 region. 
 
Fig. 8 Near-infrared (NIR) spectra of pecoraite: 6000-4500 cm-1 region. 
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